
ARTICLE

Copy number variations in the NF1 gene region are
infrequent and do not predispose to recurrent type-1
deletions

Katharina Steinmann1, Lan Kluwe2, David N Cooper3, Hilde Brems4, Thomas De Raedt4,
Eric Legius4, Viktor-Felix Mautner2 and Hildegard Kehrer-Sawatzki*,1

1Institute of Human Genetics, University of Ulm, Ulm, Germany; 2Department of Maxillofacial Surgery, University
Hospital Eppendorf, Hamburg, Germany; 3Institute of Medical Genetics, School of Medicine, Cardiff University, Cardiff,
UK; 4Department of Human Genetics, Catholic University Leuven, Leuven, Belgium

Gross deletions of the NF1 gene at 17q11.2 belong to the group of ‘genomic disorders’ characterized by
local sequence architecture that predisposes to genomic rearrangements. Segmental duplications within
regions associated with genomic disorders are prone to non-allelic homologous recombination (NAHR),
which mediates gross rearrangements. Copy number variants (CNVs) without obvious phenotypic
consequences also occur frequently in regions of genomic disorders. In the NF1 gene region, putative CNVs
have been reportedly detected by array comparative genomic hybridization (array CGH). These variants
include duplications and deletions within the NF1 gene itself (CNV1) and a duplication that encompasses
the SUZ12 gene, the distal NF1-REPc repeat and the RHOT1 gene (CNV2). To explore the possibility that
these CNVs could have played a role in promoting deletion mutagenesis in type-1 deletions (the most
common type of gross NF1 deletion), non-affected transmitting parents of patients with type-1 NF1
deletions were investigated by multiplex ligation-dependent probe amplification (MLPA). However,
neither CNV1 nor CNV2 were detected. This would appear to exclude these variants as frequent mediators
of NAHR giving rise to type-1 deletions. Using MLPA, we were also unable to confirm CNV1 in healthy
controls as previously reported. We conclude that locus-specific techniques should be used to
independently confirm putative CNVs, originally detected by array CGH, to avoid false-positive results.
In one patient with an atypical deletion, a duplication in the region of CNV2 was noted. This duplication
could have occurred concomitantly with the deletion as part of a complex rearrangement or may
alternatively have preceded the deletion.
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Introduction
Copy number variants (CNVs), manifesting as duplica-

tions, insertions and deletions of specific genomic

segments, contribute significantly to human genome

diversity.1 –7 The genome-wide distribution of CNVs has

been revealed by a variety of different array-based techni-

ques. Thus, using matrix array comparative genomic

hybridization (array CGH), CNVs involving from 50kb up

to several megabases have been detected.8–15 In tandem,
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SNP genotyping arrays, oligonucleotide arrays and PCR-

based genotyping have proved to be excellent tools to

identify smaller CNVs.14,16 –20 In addition, non-array-based

techniques, such as the comparison of different human

genome assemblies by direct sequence alignments, have

been used to confirm the abundance of CNVs in different

size ranges.13,21

The most extensive study on CNVs performed to date

was designed so as to allow the construction of a human

genome-wide copy number variation map.14 These authors

employed array CGH with genomic clones and SNP array

analysis to identify some 1447 regions harbouring CNVs in

a total of 270 individuals taken from four different human

populations (the HapMap collection).14 Some 24% of these

1447 CNV regions were found to be located in regions of

segmental duplication. That CNVs occur frequently not

only within regions of segmental duplication involved in

‘genomic disorders’, but also in the respective rearranged

regions suggests that both the segmental duplications and

the CNVs within these regions predispose to the rearrange-

ments associated with genomic disorders.14

Redon et al14 also noted polymorphic copy number

variation in the NF1 gene region at 17q11.2. Approxi-

mately 5% of NF1 patients exhibit gross NF1 gene

deletions,22–24 which are almost invariably mediated by

non-allelic homologous recombination (NAHR) between

segmental duplications.25–31 Thus, gross NF1 deletions

may also be considered to belong to the group of genomic

disorders. Two distinct types of recurrent NF1 gene

deletion have been documented: the first of these, type-1

deletions, span 1.4Mb and are characterized by break-

points, which cluster within the NF1-REPs in two regions,

B15 kb apart, termed PRS1 and PRS2 (paralogous recombi-

nation sites 1 and 2).27,30,31 By contrast, type-2 NF1

deletions encompass 1.2Mb with breakpoints in the

SUZ12 gene and its pseudogene both of which are located

in close proximity to the NF1-REPs (Figure 1).32–34

Less frequent than the type-1 and type-2 deletions are the

so-called atypical NF1 deletions with non-recurring break-

points.35–37

The CNV identified by Redon et al14 encompasses the

SUZ12 gene, the LRRC37B gene located in the distal

NF1-REPc repeat and the RHOT1 gene. This region was

found to be duplicated in one of 270 individuals from the

HapMap collection.14 A second region of CNV in the

vicinity putatively involves the NF1 gene itself; indeed,

Wong et al15 recently claimed to have identified deletions

involving the NF1 gene in five individuals and a duplica-

tion in 1 out of 95 human DNAs investigated. The details

of these CNVs are summarized in Table 1. These NF1 CNVs

were originally detected on the basis of deviant fluores-

cence intensity ratios for BAC RP11-518B17, which spans

the distal part of the NF1 gene. However, Khaja et al13 also

noted these CNVs within the NF1 gene region by means

of direct alignment of the human genomic reference

sequence with that of the Celera assembly.

Since CNVs have been suggested to trigger NAHR in

regions characterized by genomic disorders, we wondered

whether the CNVs in the NF1 gene region could have

facilitated the formation of the gross NF1 deletions. To this

end, we investigated whether the CNVs within the NF1

gene region occur at increased frequency in the transmit-

ting parents of patients with type-1 deletions, the most

common type of gross NF1 deletion. These are constitu-

tional deletions, the vast majority of which occur during

maternal meiosis via interchromosomal NAHR.39 In parallel,

we also investigated 27 healthy controls, 18 patients with

type-2 or atypical deletions and 9 of their parents for the

presence of CNVs in the NF1 gene region.

Materials and methods
DNA samples from patients and their parents

Genomic DNA was isolated from peripheral blood samples

of patients and their parents, together with healthy

donors, using the Qiamp kit (Qiagen, Valencia, CA, USA)

NF1 RAB11FIP4

NF1-REPcNF1-REPa

cen tel
RHOT1

Type-1   1.4 Mb deletions

Type-2   1.2 Mb deletions

CNV2 
Locus 3012

CNV1 
Locus 3010

RNF135
CENTA2

C17orf42

C17orf41
CRLF3

SUZ12P
DKFZp667M2411

OMG
EVI2B

EVI2A C17orf79
C17orf40

SUZ12
LRRC37B

Figure 1 Schematic drawing of the NF1 gene region at 17q11.2. Proximal NF1-REPa and distal NF1-REPc are denoted by grey rectangles. The
transcriptional orientation of the various genes within the region is indicated by black arrows. The positions of CNV1 and CNV2 are given, together
with the relative positions of the MLPA probes (red arrows). The locus designation for the CNVs is in accordance with the Human Genome Segmental
Duplication Database (http://projects.tcag.ca/humandup/).
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or by standard salt precipitation. The type-1 deletions in

the respective patients were confirmed by two independent

methods: FISH (fluorescent in situ hybridization) and

breakpoint junction PCR to amplify across the recurrent

breakpoints, PRS1 and PRS2. The methodology and primer

pairs used to amplify across PRS2 were as described by

Lopez-Correa et al,27 while primer pairs used to amplify

across PRS1 were reported by Forbes et al.30 The parents of

patients with type-1 deletions (and breakpoints in either

PRS1 or PRS2) investigated in this study are listed in

Table 2. This study was approved by the Local Institutional

Review boards of the participating centres and informed

consent was obtained from all patients and their relatives.

Haplotype analysis to determine the origin of the
deletions

Analysis of polymorphic markers on chromosome 17 was

performed with 6FAM-labelled primers and capillary

electrophoresis on an ABI Prism 3100 Genetic Analyzer

(Applied Biosystems, Foster City, CA, USA). The respective

markers and genotyping data are listed in Supplementary

Figure 1 for type-1 deletion patients 270, 450, 801, 344,

752, 1333, 800, 1277, 1547 and for patient 1860 with the

atypical NF1 deletion. The parental origin of the type-1

deletions in patients ZL-1 to -9 was previously deter-

mined.27,31

Multiplex ligation-dependent probe amplification

The multiplex ligation-dependent probe amplification

(MLPA) assay SALSA P122 NF1 area (version 01, 05-02-

2005; MRC Holland, Amsterdam, The Netherlands) was

used to screen for CNVs in DNA derived from the parents

of patients with type-1, type-2 and atypical deletions.

This assay included five probes located within the NF1

gene, and, additionally, seven probes from NF1-flanking

regions as summarized in Supplementary Table 1. The DNA

samples were analysed by MLPA according to the manu-

facturer’s instructions using 200ng genomic DNA. After

hybridization, ligation and amplification, the PCR pro-

ducts were separated on an ABI Prism 3100 Genetic

Analyzer (Applied Biosystems) by capillary electrophoresis.

Data analysis was accomplished by exporting the peak

area to an Excel file. The relative probe signal was then

determined by a normalization procedure as described.40

For sequences present in two copies in a given sample,

these calculations were expected to yield a value of 1.0.

Any decrease or increase in the peak area values to o0.8 or

41.2, respectively, was considered to be indicative of a

deletion or a duplication, respectively, according to the

instructions provided by MRC Holland.

Characterization of the deletion in patient 1860

Fluorescent in situ hybridization analysis using BAC

RP11-142O6 was performed as previously described.33 The

deletion breakpoints were identified in the first instanceT
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by CGH using the HG18 CHR17 FT arrays (NimbleGen

Systems Inc., Madison, WI, USA). These oligonucleotide

arrays are human chromosome 17-specific fine-tiling arrays

with a median probe spacing of 160bp and an isothermal

probe design of 50- to 75-mer oligomers. Sample labelling,

array manufacturing, hybridization, scanning data extrac-

tion and primary data analysis were performed by Nimble-

Gen. After normalization, the data sets were prepared for

DNA segmentation analysis using an averaging step in

which adjacent windows are averaged. The circular binary

segmentation algorithm form was applied to segment the

averaged log 2 ratio data into 4-kb windows (Supplementary

Table 2). To confirm the deletion boundaries as determined

by array CGH, the deletion breakpoints were analysed by

PCR with primers listed in Supplementary Tables 3 and 4

using DNA from a somatic cell hybrid containing only the

deleted chromosome 17 of the patient. The presence or

absence of PCR products was indicative of the location of

the deletion boundaries.

Clinical investigation of patient 1860

The female patient was 28 years old at the time of

investigation. She presented with learning disabilities and

developmental delay but had been able to complete her

general school education. Skin manifestations included

axillary and inguinal freckling as well as B1000 cutaneous

and subcutaneous neurofibromas. She had Lisch nodules

but no facial dysmorphism and no abnormal joint

flexibility. A brain MRI scan failed to indicate any

abnormality but whole-body MRI revealed internal

tumours, which were confined to the brachial plexus and

lumbar region. Neurological and clinical investigation

showed no additional abnormal findings.

Results
The CNVs previously reported to occur within the NF1

gene region (schematically indicated in Figure 1) have until

now not been independently validated. Wong et al15

detected a deletion in five individuals and a duplication

in 1 out of 95 donor samples investigated. The latter CNV

appears to encompass the 30 end of the NF1 gene and

includes the OMG, EVI2A, EVI2B and RAB11FIP4 loci. In

what follows, we shall refer to these loss-and-gain variants

at the NF1 locus as CNV1. The second reported CNV in the

NF1 gene region was a duplication observed in 1 out of 270

individuals from the HapMap collection.14 This variant

was termed CNV2; it occurs distal to the NF1 gene and

encompasses the SUZ12, LRRC37B and RHOT1 genes

(Figures 1 and 2). The characteristics of both CNV1 and

CNV2 are summarized in Table 1.

Multiplex ligation-dependent probe amplification ana-

lysis was performed on DNA derived from the African man,

who was positive for CNV2 according to Redon et al14

Table 2 Transmitting (but unaffected) parents of patients with type-1 NF1 deletions investigated by MLPA

Parent investigated by MLPA

Patient Mother Father
Breakpoint
region

Parental origin
of the deletion

270a 270-M NI PRS1 Maternal
450a 450-M NI PRS2 Maternal
801a 801-M NI PRS2 Maternal
344b 344-M NI PRS2 Maternal
752a 752-M NI PRS2 Maternal
1333b 1333-M NI PRS2 Maternal
800a 800-M NI PRS2 Maternal
1277a NI 1277-P PRS2 Paternal
1547b 1547-M NI PRS2 Maternal
1180a,c 1180-M NI PRS2 Unknown
1872b,c 1857-M NI PRS2 Unknown
ZL-1d ZL-1M ZL-1P PRS2 Maternal
ZL-2d ZL-2M ZL-2P PRS2 Maternal
ZL-3d ZL-3M ZL-3P PRS2 Maternal
ZL-4d ZL-4M ZL-4P PRS1 Maternal
ZL-5d ZL-5M ZL-5P PRS1 Maternal
ZL-6d ZL-6M ZL-6P PRS2 Paternal
ZL-7d ZL-7M ZL-7P PRS2 Maternal
ZL-8d ZL-8M ZL-8P PRS2 Maternal
ZL-9d ZL-9M ZL-9P PRS2 Paternal

CNV, copy number variant; FISH, fluorescent in situ hybridisation; MLPA, multiplex ligation-dependent probe amplification; NI, not investigated.
aThe deletion in this patient was originally described by Kehrer-Sawatzki et al.33
bThe corresponding deletions were investigated by FISH as well as by breakpoint-spanning PCR. The patients have not been reported in any other
study published to date.
cIn these cases, the parental origin of the deletion could not be determined.
dThe deletion was characterized by De Raedt et al.31
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(DNA sample GM18501; Coriell Cell Repository, Camden,

NJ, USA) and the duplication was confirmed (Supplementary

Table 5).

MLPA analysis of the transmitting parents of patients
with type-1 deletions

To investigate the presence of CNVs within the NF1 gene

region, we employed MLPA using probes located in

different parts of the NF1 gene region (Figure 1). In total,

18 transmitting (but unaffected) parents of patients with

constitutional type-1 deletions as well as 9 non-transmit-

ting parents were analysed (summarized in Table 2). In two

cases (patients 1180 and 1872), DNA was available only

from the patient’s mother and not from the father. Since

the vast majority of type-1 deletions are known to originate

by NAHR during maternal meiosis,39 it is very likely that in

these two cases it was the transmitting parent that was

investigated. Notwithstanding that in none of these 29

parents was any deletion or duplication detected in the

region of either CNV1 or CNV2.

MLPA analysis of patients with type-2 deletions and
their parents

While type-1 NF1 deletions occurring during maternal

meiosis usually originate via interchromosomal non-

homologous recombination,39 type-2 deletions occur

predominantly as mosaic deletions.32–34 In this study, we

investigated 13 NF1 patients with type-2 deletions (Table 3).

All exhibited somatic mosaicism, with 490% of peripheral

blood cells displaying the deletion.33,34 Once again, none

of the deletion patients possessed either CNV1 or CNV2 on

their normal chromosomes 17. In four of the type-2

deletion cases, we also investigated the parent on whose

chromosomes the deletion had occurred (Table 3). How-

ever, none exhibited copy number variations in the NF1

gene region.

MLPA analysis of patients with atypical deletions

DNA from five patients with atypical NF1 deletions were

also analysed by MLPA (Table 3). The breakpoints of four of

these deletions have been reported previously,35–37 while

the deletion in patient 1860 was characterized here for the

first time (see paragraph below). Copy number variations

were not detected in either patients 552, 619, 442 and BUD

or the transmitting parents. However, in the peripheral

blood of patient 1860, MLPA revealed not only a large NF1

deletion but also a duplication within the regions over-

lapping CNV2. MLPA analysis of peripheral blood from

the mother of patient 1860 indicated that she possessed

the same deletion/duplication rearrangement. Thus, we

infer that both the deletion and the duplication of the

adjacent segment are located on the same chromosome.

Genotyping of polymorphic markers using DNA isolated

from peripheral blood was not suggestive of somatic

mosaicism in the mother (Supplementary Figure 1). The

mother of patient 1860 was not available for investigation

so we were unable to determine whether she had signs of

NF1 or not.

27.245.834 27.562.095

telcen

MLPA-probes:
Genes

CNV2 (duplication)

MPLA results in patient 1860

HCA66 

27.226.463

C17orf40

27.339.525

SUZ12
exon 10

27.372.136

LOC114659
LRRC37B

telcen

Extent of CNV2 (after Redon et al14)

27.372.13627.339.52527.245.834

telcen

Extent of the deletion and the duplication in patient 1860

deleted

27.279.573

27.402.954 27.562.095 
Chr17tp -10C1 

27.416.284
Chr17tp -11E3

27.245.834

27.346.100

Chr17tp -11H4 
27.504.611 

Chr17tp -3G8

30K TPA clones

27.339.525 27.372.13627.226.463

27.226.463

duplicated

27.390.000

normal dosage

deleted duplicated duplicated

25.972.442 - 25.972.681

Figure 2 Schematic representation of the genomic region at 17q11.2 indicating in (a) the extent of the CNV2 duplication according to Redon
et al,14 (b) the position of the MLPA probes and whether they were deleted or duplicated in patient 1860 and (c) the position of the distal deletion
boundary in patient 1860 as determined by PCR analysis using DNA from a somatic cell hybrid containing only the deleted chromosome 17 of the
patient. The extent of the duplication in patient 1860 is also indicated in (c) according to the array CGH results. These numbers are in accordance with
the nucleotide numbering system of chromosome 17 in the hg18 assembly of the human genome. The BAC clones indicated in (a) are part of the 30K
TPA clone set investigated by Redon et al.14 BACs Chr17tp-11E3 and Chr17tp-10C1 exhibited deviant log 2 ratios by array CGH but the overlapping
BACs did not.14
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Characterization of the deletion and duplication in
patient 1860

Fluorescent in situ hybridization analysis with BAC RP11-

142O6 indicated a large deletion in 100% of the cultured

blood cells (N¼50) from patient 1860. The extent of this

deletion was determined by array CGH. The log 2 intensity

ratios averaged in 4-kb windows are given in Supplemen-

tary Table 2. Accordingly, the proximal deletion breakpoint

mapped somewhere between positions 25 966000 and

25974000, while the distal deletion breakpoint was

localized between 27278000 and 27282000 (nucleotide

numbering according to the hg18 assembly of chromo-

some 17, NCBI build 36). To refine the deletion breakpoint

positions, PCR was performed with the primers listed in

Supplementary Tables 3 and 4 using DNA from a somatic

cell hybrid containing only the deleted chromosome 17

from the patient. The presence or absence of the resulting

PCR products served to indicate whether the respective

regions tagged by these PCRs were deleted or not.

Sequencing of the PCR products from the proximal break-

point region confirmed their origin. The proximal

breakpoint was localized to within a 239-bp region

(between positions 25972442 and 25972681). The distal

breakpoint was mapped to a 922-bp segment (between

positions 27279573 and 27280495) (Supplementary

Tables 3 and 4).

In addition to the deletion, array CGH and MLPA both

indicated a duplication in patient 1860 adjacent to the

deletion (Figure 2; Supplementary Table 2). According to

the array CGH results, the duplication in patient 1860

spans B96 kb encompassing the region between nucleo-

tide positions 27 294000–27298000 and 27390000–

27394000 (Supplementary Table 2). Remarkably, the

duplication in patient 1860 overlaps with the CNV2

region.

Using Whole Genome TilePath arrays comprising 26574

large-insert clones (30K TPA clone set), Redon et al14

detected CNV2 in only one African man from the Yoruba

tribe among 270 HapMap individuals (DNA sample ID:

GM18501). We confirmed the duplication (CNV2) in this

Yoruba sample by MLPA (Supplementary Table 5). How-

ever, the precise extent of the duplication in this individual

could not be determined by MLPA. To obtain more

information about the size of the CNV2, we reexamined

the array CGH results of Redon et al.14 Increased log 2

ratios indicative of a duplication were noted for two BAC

clones, Chr17tp-11E3 and Chr17tp-10C1. According to

the positions of these BACs, CNV2 should maximally

extend from nucleotide positions 27 245834 to 27562095

(Figure 2). However, CNV2 could be considerably smaller

since the overlapping BACs (Chr17tp-11H4 and Chr17tp-

3G8), which are also part of the 30K TPA clone set, did not

indicate a duplication. Since BAC Chr17tp-10C1 exhibited

increased log 2 ratios, CNV2 should extend at least to

position B27450000. The distal duplication boundary

in patient 1860 is, however, located between positions

27 390000 and 27394000. Thus, the distal duplication

boundary of CNV2 and the duplication identified in

patient 1860 may be separated by B50 kb.

Frequency of CNV1 and CNV2

In addition to the patients with gross NF1 gene deletions

and their parents, we analysed genomic DNA samples from

36 healthy donors of West European origin by MLPA.

However, no deletions or duplications suggestive of the

presence of CNV1 or CNV2 were apparent (Table 4). Wong

et al15 observed CNV1 in 6 out of 95 individuals

investigated, a frequency of 3% (95% CI: 1.2–6.7%)

(6 CNVs per 190 chromosomes). However, using MLPA,

we screened a total of 167 chromosomes (Table 4) for CNV1

and failed to detect any.

Discussion
Non-allelic homologous recombination between segmental

duplications can give rise to either the deletion or

duplication of the region between the repeats. Owing to

Table 3 Patients with type-2 NF1 deletions, atypical
deletions and parents screened for CNV1 and CNV2 by
MLPA

Patient
Deletion type

(size of the deletion) Parenta

811-Mb 2 F
KCD-3c 2 F
697b 2 697-M (mother)
736b 2 F
1630b 2 F
488b 2 F
1502b 2 F
IL39c 2 IL39-P (father)
1104b 2 F
WBc 2 WB-P (father)
938b 2 F
928b 2 F
HCc 2 PH (mother)
552d Atypical (2.7Mb) 552-P (father)
619e Atypical (41.4Mb) JK (father)
442f Atypical (2Mb) 442-P (father)
BUDg Atypical (42Mb) BUD-P (father)
1860h Atypical (1.3Mb) 1860-M (mother)

CNV, copy number variant; MLPA, multiplex ligation-dependent
probe amplification; F, not investigated.
aThe parent investigated was the one who was carrying the
chromosome 17, which had acquired the deletion somatically in the
respective patient. The deletion breakpoints and, in some cases,
whether the deletion occurred on the paternal or maternal chromo-
some, have been described in the following works.
bSteinmann et al.34
cKehrer-Sawatzki et al.33
dKehrer-Sawatzki et al.36
eMantripragada et al.37
fKehrer-Sawatzki et al.35
gKehrer-Sawatzki et al.41
hThis study.
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a combination of their high degree of homology and the

local chromatin organization, such segmental duplications

are prone to aberrant recombination. If dosage-sensitive

genes are encompassed by the consequent rearrangements,

genomic disorders can arise.42–45 Other apparently homo-

logy-independent mechanisms like non-homologous

end-joining (NHEJ) also operate in regions predisposing

to genomic disorders and can give rise to deletions or

duplications with non-recurrent breakpoints.46,47 Impor-

tantly, many segmental duplications flanking the regions

rearranged in genomic disorders have a complex structure.

These SDs are not simple directly contiguous repeats but

instead comprise several sub-repeats with non-duplicated

sequences interspersed between different repeated se-

quences.29,30,48 –52 This modular structure is not simply

restricted to those segmental duplications involved in

genomic disorders but is rather a common feature of

segmental duplications in general. It would appear that

many segmental duplications constitute unstable genomic

regions formed by frequent sequence transfer during recent

primate/human genome evolution.51,53 This evolutionary

plasticity is consistent with the observation that segmental

duplications are frequent sites of copy number variation.14

Remarkably, the breakpoint regions for 12 of 25 loci

involved in genomic disorders, including DiGeorge,

Smith–Magenis, Williams–Beuren and Prader–Willi/

Angelman syndromes have been found to be highly

polymorphic.14 Furthermore, CNVs have also been identi-

fied within the regions rearranged in these genomic

disorders. Taken together, these findings imply that

structural polymorphic variation in regions involved in

genomic disorders facilitates NAHR. There are several

examples of polymorphic inversions, which predispose to

genomic disorders, the former being found at increased

frequency in the transmitting parents of patients with

Williams–Beuren syndrome, Angelman syndrome and

Sotos syndrome as compared with the frequency of the

respective inversions in the general population.54–56

Mispairing during parental meiosis mediated by these

inversions in heterozygous form is considered to be

responsible for triggering deletion formation.

By analogy with inversions, heterozygously occurring

CNVs might also have the potential to give rise to unpaired

chromosomal regions. Alternatively, the putatively inher-

ent instability of some CNVs might facilitate genomic

rearrangements. In the NF1 gene region, two different sites

of CNV have been reported: CNV1 involves the NF1 gene

itself whereas CNV2 encompasses the SUZ12 gene, the

LRRC37B gene in the distal NF1-REPc repeat and the

RHOT1 gene (Table 1; Figures 1 and 2). We used MLPA to

ascertain the frequency of these CNVs in patients with NF1

deletions, unaffected controls and transmitting but un-

affected parents of patients with type-1 deletions, the most

common of the gross NF1 gene deletions.25–27,31,33

CNV2

In none of the 20 transmitting parents of patients with

type-1 deletions was CNV2 detected (Table 2). It would

therefore seem rather unlikely that CNV2, which encom-

passes the distal NF1-REPc repeat, could be a frequent

trigger of NAHR leading to type-1 deletions. CNV2 was

also not detected in 9 non-transmitting parents and 36

healthy donors (Table 4). Finally, we investigated patients

with type-2 and atypical NF1 deletions as well as their

transmitting parents (Table 3). Only in the atypical

deletion patient (1860) did we observe a duplication in

the region of CNV2. Patient 1860 possesses a 1.3-Mb

deletion, whose proximal breakpoint is located within the

NF1-REPa repeat, whereas the distal deletion breakpoint is

located 7–8 kb proximal to the SUZ12 gene. Interestingly,

Table 4 Number of DNA samples, their origin and number of normal chromosomes investigated by MLPA to determine the
frequency of CNV1 and CNV2

Number of DNA samples Origin of the DNA samples
Number of chromosomes investigated to

search for CNV1 and CNV2

20 Transmitting parents of patients with type-1 NF1 deletions 40
9 Non-transmitting parents of patients with type-1 NF1 deletions 18

13 Patients with somatic type-2 deletions 13a

4 Parents of patients with type-2 deletions carrying the
chromosome on which the deletion occurred in the offspring

8

5 Patients with atypical deletions 6b

5 Parents of patients with atypical deletions 10
36 Healthy donors 72

Total 167

CNV, copy number variant; MLPA, multiplex ligation-dependent probe amplification.
aSince the proportion of cells harbouring the deletion exceeded 90% in peripheral blood samples, only the wild-type chromosome 17 could be
investigated.
bThese patients have constitutional atypical NF1 deletions. In five of these patients, the deletion included the region of CNV2 such that only the normal
chromosome 17 could be investigated with respect to the presence of CNV1 and CNV2. In patient 1860, however, the telomeric breakpoint of the
atypical deletion lies 7–8 kb proximal to the SUZ12 gene; thus, the chromosome bearing the deletion could also theoretically harbour CNV2.
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the deletion is directly adjacent to the duplication and

appears to have occurred on the same chromosome, since

the deletion and duplication were both noted in the

mother of patient 1860 and hence must have been co-

inherited.

Since the duplication observed in patient 1860 and her

mother is at least 50 kb smaller than the CNV2 observed

by Redon et al,14 it may well be that the duplication

and deletion events occurred simultaneously as part of

the same complex rearrangement. However, we cannot

exclude the possibility that CNV2 was present prior to the

deletion in one of the maternal grandparents and could

subsequently have facilitated deletion formation.

CNV1

According to the data presented by Wong et al,15 the NF1

gene should constitute a region of fairly frequent copy

number variation (CNV1; Figure 1). Investigating 95

normal individuals by array CGH (N¼190 chromosomes),

they reportedly observed five losses and one gain, suggest-

ing a frequency of 3% CNV1 per chromosome.

However, employing MLPA, we failed to observe any

gains or losses in the CNV1 region in a total of 167

chromosomes investigated (P¼0.03, two-tailed Fisher’s

exact test) (Table 4). Thus, our study did not confirm the

existence of frequent copy number variation within the

NF1 gene region. One explanation for these discrepant

findings could be that CNV1 was artefactual in origin.

Indeed, it is possible that the numerous pseudogenes of the

NF1 gene, in particular those in the pericentromeric region

of chromosome 15, which are already known to be

polymorphic in copy number,57 could have been respon-

sible for spurious/false-positive array CGH results. How-

ever, the screening of a larger number of healthy probands

is necessary to exclude unequivocally the existence of

CNV1 as a rare variant. Furthermore, it could be that the

duplication underlying CNV1 is a highly divergent copy of

the NF1 gene, and that this copy was undetectable by

MLPA as a consequence of the presence of paralogous

sequence variants at sites bound by the MLPA oligonucleo-

tides. Currently, some 6559 CNVs are registered in the

Human Genome Segmental Duplication Database (http://

projects.tcag.ca/humandup/), one among them is CNV1.

Our findings suggest that great care should be taken with

regard to potential false positives among CNVs detected

exclusively by array CGH without confirmation by a second

technique. Since it is estimated that many of the CNVs are

rare variants rather than common polymorphisms,20 it

would appear that the systematic and independent valida-

tion of all CNVs hitherto reported is urgently required. A

quantitative locus-specific analysis, such as that performed

in this study using MLPA, is critically important to

discriminate between bona fide CNVs and false-positive

CNVs arising due to interference from paralogous loci.
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